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Abstract 
This project developed analytical protocols allowing in situ tensile testing of beef M.semitendinosus in a variable 
pressure scanning electron microscope (VP-SEM) fitted with a straining stage. The objective of this project was to 
develop an appropriate testing regime for the tensile testing of meat following various pre-treatments (marinaded, 
cooked, frozen).  The in situ testing, at 100% relative humidity, was validated with ex situ testing using the same 
tensile stage. From the ex situ tensile tests the apparent elastic modulus ranged from 0.1MPa to 0.3MPa with the 
cooked, non-marinaded meats being stiffest.  The low strain rates imposed by mechanical considerations of the 
straining stage resulted in lower values of fracture toughness and UTS than those reported in the literature.  Fracture 
behaviour observed during the in situ tensile tests revealed that fracture propagated across the perimysial connective 
tissue. For the cooked non-marinaded steak, catastrophic rupture occurred in the crosslinks of the connective tissue.  
The cooked marinaded steak with more gelatinized connective tissue showed a less catastrophic rupture.  Limitations 
of the testing geometry of an in situ straining stage are critical for their impact on image quality.  The working 
distance for VP-SEM is necessarily short meaning that a sample needs to be close to the final lens of the SEM for 
high quality images.  This is hard to achieve within the geometrical constraints of most sample chambers.  However, 
it was possible to capture real time images of muscle failure during tensile testing of meat and relate that to the 
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1.Introduction 
Meat texture, in particular the sensory property of “tenderness” is an essential parameter in meat 
quality and has been studied for many years [1].  Tenderness is influenced by each stage of the meat 
production process including slaughter, aging and cooking technique [2].  Mechanical measures of meat 
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tenderness are most usually based on the Warner-Bratzler shear force (WBSF) [1,3,4] or on Texture 
Profile Analysis (TPA) [1,5,6].  Tensile tests are more infrequently used but have been used extensively in 
the past and are still vital to providing specific information on fracture behaviour [7-13].  Fracture 
behaviour of meat under shear, compression or tension, indicative of tenderness, is intimately related to 
the overall microstructure of meat including the arrangement of muscle fibre bundles and the strength of 
the cross links between them.  These can be altered by processing routes, including aging, cooking and 
marinading [14,2,5,6]. .   
To follow the fracture behaviour of meat at the appropriate length scale is important in understanding 
the failure mechanisms of the muscle fibres, vital to the breakdown of meat during oral processing 
(chewing).  However, developing microscopy techniques that allow the investigation of any food 
structure, at relevant length scales, is challenging due to the hydrated and metastable state of many food 
materials [15].  Variable pressure scanning electron microscopy (VP-SEM), often called Environmental 
SEM (ESEM), can be used to study food materials in their native state [16-18].  When coupled with a 
suitable sample stage real time deformation can be followed [19,20].  
The development of the VP-SEM, or ESEM, and details of vacuum management and electron detection 
are thoroughly reviewed elsewhere [21-23].  It is important to note the essentials here, however, to 
illustrate the particular issues of operating a straining stage, or any in situ manipulator, in the VP-SEM.  
VP-SEM instruments have a differentially pumped electron column, in conjunction with some method for 
allowing a pressure difference between the column and the specimen chamber, allowing the electron 
column to be maintained at high vacuum whilst the specimen chamber can be simultaneously maintained 
at pressures up to around 2500Pa, or about 20 torr.  For ease of imaging the sample is usually imaged at 
low temperatures (about 5°C in many cases) and 5-10 torr.  By altering the sample temperature or the 
chamber pressure the sample can be held in relative humidities up to 100%.  A short beam gas path length 
is essential for image quality meaning that the ideal situation is a short working distance between the pole 
piece of the SEM and the sample surface.  This short working distance is hard to achieve for an in situ 
straining stage within the geometrical constraints of most sample chambers.   
This project developed analytical protocols allowing in situ tensile testing of beef M.semitendinosus in 
a VP-SEM fitted with a straining stage.  The objective of this project was to develop an appropriate 
testing regime for meat following various pre-treatments (marinaded, cooked, frozen).  Limitations of the 
straining stage geometry meant adaptors had to be used to shorten the working distance to acceptable 
levels, compromising the testing geometry; however, it was possible to capture real time images of muscle 
failure and relate that to the impact of meat processing treatments.  Such information is vital for 
determining the structural factors affecting meat tenderness. 
2.Materials and Methods 
Commercially available raw beef rump steak (Hereford breed, slaughtered at approximately 30 
months) was used for all tests.  Samples measuring 60x40x10mm were excised from the whole steak 
using a sharp scalpel.  Samples were examined both raw and after cooking, marinaded and unmarinaded.  
Marinades of varying pH were prepared from: fruit pulp (kiwifruit or lemon), vinegar and bicarbonate of 
soda.  Beef samples were marinaded for 3 hours and quantified for weight gain using equation 1. 
 




Cooked samples were prepared using a UFB500 Memmert Universal lab oven at 180°C.  Samples were 
cooked for 20 minutes with one turn after 10 minutes.  Moisture loss on cooking (cooking loss) was 
calculated using equation 2. 




Sensory evaluation was carried out on cooked samples using a previously untrained panel of 10 people 
of differing gender, ethnicity and age (20 to 60 years old).  Groups of 5 cooked samples (unmarinaded and 
1 each of the marinaded samples) were presented to the panel and 4 descriptors were used to quantify 
tenderness rated on an 8 point scale as follows: 
x Hardness:   1=very hard … 8=very soft 
x Ease of tooth penetration:  1=difficult to penetrate with tooth … 8=easy to penetrate with tooth 
x Toughness:   1=very tough … 8=not tough 
x Fracturability:   1=difficult to fracture … 8=easy to fracture. 
 
Light microscopy (LM) was conducted on each sample.  Samples were frozen then hand sections were 
cut from longitudinal and transverse sections.  Samples were examined using an Olympus Bh-2 
transmitted light microscope and images captured using a Nikon Digital Sight camera.  Scanning electron 
microscopy was conducted in a variable pressure instrument equipped with a peltier cooling stage (FEI 
Quanta 200 FEG).  The imaging gas was water vapour at 5 Torr (0.67 kPa) with the sample maintained at 
4°C (to provide an environment of approximately 100% RH). 
Tension tests were conducted in situ in the SEM using a “straining stage” (Kammrath and Weiss Tensile 
stage) with a 50N load cell and a strain rate of 15μm/s.   Samples of meat were cut using a scalpel to 
40x10x1mm.  The design of the Kammrath and Weiss Tensile stage enforces a long working distance 
(approximately 16-19mm).  As image quality at these imaging conditions is strongly dependent on beam 
gas path length a short working distance is desirable.  As such a copper adaptor was fitted to the peltier 
stage raising the middle part of the sample and decreasing the working distance to around 9mm (still a 
challenging environment in VP-SEM), as shown in Figure 1.  This meant that tensile data was only 
comparable between specimens in this study, not between other, more traditional, testing geometries.  The 
straining stage incorporated a peltier cooling unit but an assumption was made that the copper adapter 
reduced the cooling effect to the sample.  As such imaging pressure was raised to maintain 100% 
humidity.  In order to attain an absolute quantification of mechanical properties tensile tests were also 
conducted ex situ using the same straining stage with no adaptor.  In each case strain was parallel to the 
fibre axis. 
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3.Results and Discussion 
The marinades influenced the water holding capacity (as measured by % cooking loss) of the meat and 
had an immediate impact on sensory perception of tenderness.  The % mass gain on marinating and the % 
mass change due to cooking loss varied according to the pH of marinade and are consistent with the 
literature [24,25].  The mass gain increased dramatically when the pH of the marinade was below 4. 
There was no significant mass gain of the meat when marinade pH was approximately 5.  The mass gain 
increased steadily again as the marinade pH rose above 6. This is consistent with the idea that the water 
binding ability of meat proteins is dependent on isoelectric point (IEP) [26].  The IEP of beef is at pH5.2 
[26], so the interaction of the marinade with the meat protein is more effective when the marinade pH is 
lower or higher than pH5.2. The interaction increases as the pH of the marinade is further from the IEP, 
increasing the water binding ability of the meat proteins. As can be seen in Figure 2 the vinegar marinade 
with a pH3.14 (furthest from the IEP) showed the lowest overall mass loss (i.e. highest water holding 
capacity).  
 
Fig 2: Mass loss and water holding capacity of meat samples marinaded in different pH marinades 
 
Fig 3. Relationship of tenderness to cooking loss 
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3.1.Sensory tenderness 
The results from the sensory evaluation showed that the vinegar marinaded meat had the highest 
overall tenderness and the non-marinaded meat had the lowest.  The perception of tenderness obtained 
from the sensory assessment (Table 1) shows a strong linear correlation to the water holding capacity of 
meat; Figure 3.  The vinegar marinaded and the non-marinaded meat samples were selected as the two 
extremes of toughness and tenderness and were further investigated using the microscopy techniques 
described above.  
Table 1. Rating for sensory assessment for cooked meat after marinating in different type of marinade.  
Type of marinade pH of marinade Hardness Ease of Tooth 
 Penetration 
Toughness Fracturability 
Vinegar 3.14 6.5 6.9 7.0 6.7 
Lemon 3.48 5.6 5.5 5.4 4.9 
Kiwifruit 4.04 4.8 5.0 5.1 4.4 
Baking Soda 7.98 5.9 5.9 5.8 6.3 
Non-Marinaded 5.65 3.1 3 3.4 2.9 
3.2.Microstructure 
Good agreement was found between the microstructural analysis of the samples with both LM and 
SEM. Swelling of the muscle, with a decrease in interfibrillar spacing and decrease in observed “crimp” 
can be observed in both the raw and cooked, vinegar marinaded steak, as shown in the light and scanning 
electron micrographs in Figure 4.   
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3.3.Mechanical properties 
Table 2 summarises the mechanical properties of the meat samples tested ex situ.  The limitations of 
the straining stage (in particular the low strain rate) meant that the meat samples in all cases were able to 
plastically deform more easily than those tested at higher rates.  As such the absolute quantification of, for 
example, UTS gave significantly lower values (by a factor of approximately 3) than those reported 
elsewhere [7].  However the trends in the mechanical properties were significant, as was the relationship 
of these values to the behaviour observed during in situ testing.  The UTS of the cooked marinaded meat 
is substantially lower than that of the cooked non-marinaded meat. The meat cooked after being 
marinaded in vinegar experienced less elastic deformation and the extent of plastic deformation and 
necking prior to fracture was also greater than that of the non-marinaded meat. The modulus of elasticity 
was calculated for each sample. The modulus of elasticity increased after heat induced cooking for both 
the non-marinaded and the vinegar marinaded steaks. This was attributable to increasing stiffness from 
denaturation and aggregation of the fibres. The modulus of elasticity for the vinegar marinaded cooked 
steak is 42% lower than that of the non-marinaded cooked steak which indicates that marinating prior to 
cooking increases the tenderness. The toughness values determined relate to the ease of chewing. The 
toughness decreased by almost 60% after cooking both the non-marinaded and the vinegar marinaded 
steaks. The toughness of the cooked vinegar marinaded steak was slightly lower at 0.69MJ/m3 than the 
cooked non-marinaded steak with a toughness of 0.74MJ/m3. This also confirmed the effect of marinating 
for the tenderisation of meat.  
Table 2.  UTS, elastic modulus and toughness for different meat treatments 
Treatment of steak UTS (kN/m2) Modulus of Elasticity             
(MN/m2) 
Toughness (MJ/m3) 
Raw non-marinaded 57.5 0.11 1.83 
Raw vinegar marinaded 65 0.07 1.62 
Cooked non-marinaded 80 0.26 0.74 
Cooked vinegar marinaded 50 0.15 0.69 
Fig 5.  Images from the tensile test sequence of raw, non-marinaded meat 
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3.4.In situ mechanical testing 
By collecting sequential images and transforming them into movies subtle details of the fracture 
behaviour of the meat samples were revealed, whilst it is hard to illustrate these features in still images the 
following figures and descriptions attempt to summarise the findings from the in situ mechanical testing.   
For the raw meat samples the tensile deformation took place in the form of plastic strain, with the 
myofibrils undergoing elongation and sliding.  It has been reported elsewhere that fracture initiates and 
propagates at the perimysial tissue [8]. This was seen in the images of raw, non-marinaded meat, Figure 5.  
Elongation and necking of the connective tissues was observed. After the connective tissues ruptured, the 
myofibrils ruptured along their length.  Images of raw meat were substantially less clear than those of 
cooked meat due to the additional moisture present on the surfaces of the sample and the higher gas 
pressure (10 torr) used to maintain 100% humidity. 
Figure 6 shows a selection of images from the tensile test of the cooked, non-marinaded meat. There 
were thermally stable crosslinks present in the perimysial connective tissue between the myofibrils. Once 
necking had taken place the connective tissue cross-links ruptured, the fractured crosslinks coiled back 
elastically to their origin at the perimysial tissue, highlighted in Figure 6.  Figure 7 shows a moment in the 
tensile test of the vinegar marinaded cooked meat, it illustrates that fracture initiated along the perimysial 
connective tissues between the meat grains.  The perimysial connective tissue between the muscle fibres 
had gelatinised due to increased water holding capacity and was less elastic. As a result, when tensile 
stress was applied, the connective tissue ruptured in a less catastrophic manner than that of the non-
marinaded meat.  
Fig 6.  Images from the tensile test sequence of cooked, non-marinaded meat 
4.Conclusion 
The VP-SEM, or ESEM, offers a powerful tool for examining deformation and failure processes in 
meat products.  The major limitation of the technique arises from the constrained geometry of a typical 
sample chamber coupled with a straining stage.  Developing a stage allowing in axis loading of a sample 
(in tension, compression and shear) at low working distances is a vital next step if this powerful technique 
is going to see full application in food engineering 
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